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ABSTRACT
EQUITABLE HOUSING GENERATION THROUGH CELLULAR AUTOMATA
MAY 2022
MOLLY RENAUD CLARK, B.F.A., UNIVERSITY OF MASSACHUSETTS
AMHERST
M.ARCH, UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Jordan Kanter

This thesis seeks to experiment with the culmination of social, natural and built
paradigms of sustainability using digital generation as an architectural process.
Specifically, this thesis will explore cellular automaton and modular design approaches in
the context of multifamily housing, asking if we can quantify the qualities of equitable
housing and guide digital algorithms to generate efficient, flexible, human centered
designs. Cellular automaton is a term used to describe a phenomenon in which the growth
of one cell in a plant or animal is entirely dependent upon the already existing adjacent
cell. Digital cellular automaton is a mathematical, rule based tool used to generate
patterns or to map complex systems; similarly, the generation of new cells is entirely
dependent on the environment it is being born into. The aim of this work is to translate
human centered parameters and local architectural guidelines into an algorithm with rules
which can be easily manipulated to produce comparable digitally generated forms. The
parameters will be based on an architectural program consisting of a multi-unit mixed
income residential building located in, and designed for the residents of, Northampton,
5

Massachusetts. Northampton is an exemplary small-scale city; a historic New England
town with housing problems reminiscent of a larger urban area. The selected site allows
for investigations of density, growth, adaptation and modular design in a way that could
be applied to not only similarly sized cities, but regions of varying density based on their
own local parameters. For a relevant output, the parameters and data put into the
algorithm must be humanized, individualized, or in the case of this work, curated to
reflect and serve a specific community. Cellular automaton allows for varied pattern
generation and for the exploration of repeating modules as well as allow for future
adaptations to evolving housing needs and sustainability targets. The goal is to create a
supportive system of habitat that allows for growth potential and flexibility without
sacrificing quality of life for the inhabitants.
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INTRODUCTION
Architects, designers, and builders are in a unique position; they hold tools which
directly impact environments and communities. Architects in particular have a
responsibility not only for delivering a functional project but also answering to
community needs, environmental and site constraints, national and local code
requirements, and budgets among many other direct influences on a project. They also
have the moral and professional obligation of taking into consideration spatial qualities
and sustainability. Sustainability refers not only to environmental responsibility, but to
the longevity of a project. Architects practice assessing the parameters of a project as part
of the planning stage; from reviewing codes and programs to coordinating site
circulation, each project must start with an understanding of the direct conditions of a site
and project before the form finding stage begins.
Mix-used buildings have been a popular solution to urban sprawl in the last
decade to counter the suburban residential areas and commercial cores. The United States
has many homogenized built environments; the rise of the automobile spread out our
cities and dedicated zones for single family living, zones for multifamily living, zones for
commerce, etc. These specific use-zoned regions caused an enormous shift in city
development, access to housing, and even resource distribution. By studying the growth
of cities and applying context-based algorithms, can we manipulate and control density in
order to find alternative ways to prevent sprawl?
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Cellular automaton is a pattern forming
algorithm that is inherently dependent on input
parameters and even more critically context and
internal, self-organized conditions. CA finds patterns
by assessing and adapting a cell’s condition directly
in relation to the condition of its adjacent
(neighboring) cells. One of the most common
examples of cellular automaton is John Conway’s
Game of Life. The game of life is a two dimensional
algorithm with a potentially infinite resulting pattern.

Figure 1: CA Diagram

The algorithm is based on cells which can have one of two possible states, dead or alive.
Each cell, as mentioned, interacts directly with its eight adjacent neighbors (vertical,
horizontal, diagonal). This version of CA is based off of simple state changing rules that
can occur to a cell;
1. Any live cell with fewer than two live neighbors dies, to represent underpopulation.
2. Any live cell with two or three live neighbors lives on to the next generation.
3. Any live cell with more than three live neighbors dies, to represent
overpopulation.
4. Any dead cell with exactly three live neighbors becomes a live cell, as if by
reproduction.
Put simply, cellular automaton illustrates the way that a simple rule can produce
complex global behaviors (D’Autilia, Roberto and Hetman). In architecture, cellular
automata can both be a tool for analysis and form finding, and a guide for qualitative
assessment of inhabitable space. Cellular automata can be applied to individual buildings
13

to establish correlations between configurations of spaces and their responses in order to
maximize the functionality of program, or simply to study the relationships between
types of spaces and their context. This thesis exploration seeks to use digital cellular
automaton as a tool for space finding; the goal is not to lose sight of a final architectural
project, but to challenge traditional form finding and authorship. CA can be used to study
the growth potential of a site, as well as site and demographic specific rules, but what role
does the human designer take in order to translate the CA output back into a human
centered scheme?
Multi-unit housing can be inherently modular in terms of repetitive spaces, which
makes it prime candidate for algorithmic approaches like CA. This project seeks to apply
a multi-unit housing program with tenant amenities and permanent supportive housing
facilities while keeping in mind the following: Can the exploration of growth potential
and of developing systems from single cells provide guidelines for flexible, efficient and
dynamic spaces? As the author we can create the parameters for input, but what can we
learn from CA outputs? How can we use cellular automata, as architects, as developers,
as city planners, and as community members, to create more equitable and sustainable
worlds? It is important to reevaluate our traditional American way of living and housing
in order to keep our minds open about ways to better address city sprawl through
adaptable, contextual, and flexible architecture.
The aim is to apply the concepts of living and adaptable architecture and create
equitable housing based on the specific dynamics of Northampton Massachusetts and its
existing communities. Equitable housing is housing that allows for opportunity and
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stability. It should offer quality spaces that balance privacy, light, individuality and
community connectivity. From the study of the region and of the demographics, a
program can be developed which takes into consideration housing needs that support
communities with amenity spaces. Developing a program based on the demographics and
site context will allow for rules for the algorithm to be written, tested, and manipulated.
The results from the algorithm generations will need to be carefully analyzed before the
design intervention stage can take place. Algorithms can be used to explore spatial
organizations and form finding, but the assigned constraints are to be based on specific
context parameters. Antione Picon sees digital architecture as a snapshot of time specific
inputs and outputs based on context are representational of a moment. What is interesting
is that algorithmic patterns are potentially infinite, so can the results of this specific
project be added onto later? Can the algorithms plan for future growth of the building?
This is where the building has the potential to have a life-like quality, the potential to
swell and adapt as the context changes.
As an explanation of alternative paradigms, it is useful to first look at previously
conducted explorations of adaptable cities (such as Plug-In City by Archigram), flexible
dwellings (both planned and organically formed), and of machines for living. The
flexible, bio-reminiscent machines for living as related to this research are not the ones as
defined by LeCorbusier, whose machines for living were almost uninhabitable, but as
defined by Karl Chu. Chu coined the term “xenoarchitecture,” to define architecture that
does not merely imitate life and is not merely representational of life, but is itself an
autonomous being (Picon). These precedents, in the form of conceptual writings and in
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architectural projects, will help guide considerations for the theoretical, non-traditional,
investigation planned and its application to individual and neighborhood scale built
environments.
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CHAPTER 1
LITERATURE REVIEW
This thesis explores the use of digital design in a way that potentially mimics real
life and mathematical phenomenon as a tool for space planning and form finding. To
understand if algorithmic design has the potential to help designers see new possibilities
for housing that we may not otherwise have imagined, it is important to have a thorough
understanding of city growth, algorithmic design, modular design, and social housing.
The behaviors and growths of ancient cities looked quite different from what we are
familiar with today. Aldo Rossi in his work “The Architecture of the City,” used the
medieval city as a basis for comparing ancient cities to modern day ones, and although
this may seem a narrow definition, modern day western society is arguably a direct
descendant. Medieval cities held what Rossi referred to as “an absolute identity” between
where the inhabitants would work and where they would live. As we try to understand the
formation of cities, the distribution of density, and the patterns of growth over time, one
can begin to make connections between the economic systems of a society and city
layouts. The rise of what we see now as the modern day city structure began to form as
the “domestic economy as a unified entity of production and consumption” began to fall
(Rossi). Rossi points out that when the home and the work place began to divide, cities
grew and mass housing, worker’s housing, and rental housing began to emerge.
The next major shift towards the modern city as we know today was the
expansion of industrialization and production. This further divided work and home, and
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also introduced a new division: production and administration. Administration, such as
banks, insurance agencies and other professionals began to concentrate in city centers.
The third and most recent major shift of the organization of modern cities was the
introduction of the personal automobile. Now that people could travel independently,
they could move to the more desirable countryside on the outskirts of the cities that were
bustling with production and business.
Although Rossi iterates these economic and technological events as a factor in the
shift of the characteristics of a city, he also believed that many of the social issues found
within a city pre-date them. He believed that issues relating to housing crises and class
based oppression were a product of bourgeoisie society and not of industry, and
industry’s direct impact on the city. Rossi uses a quote by German philosopher Fredich
Engles to illustrate this position, “large cities have made the malady of the social
organism, which was chronic in the country, acute, and in doing so have illuminated the
true essence of the problem and the way to cure it.” It is clear he believed the rise of
industry only made apparent inequitable systems and living conditions that already
existed before. Rossi saw cities as a reflection of society’s political, economic and
cultural identities and that the growth or changes of a city were simply snap shots of time.
“The city is as irrational as any work of art; its mystery above all to be found in the secret
and ceaseless will of its collective manifestations. Are the laws of the city simply exactly
like those that regulate life and destiny?” (Rossi)
Rossi was of course not alone in his thinking that the relationship between land
and buildings, development and growth were in some direct way representational of life.
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He saw this as a much greater influence on the evolution of a city than economy. Hans
Bernoulli was of the same mindset that the relationship between the land and buildings
surpasses the economic relationship in scope. Bernoulli even went as far as to state that
the privatization of land was evil, and that “the relationship between the city and the land
it occupies should be of a fundamental and indissoluble character.” He argued that land
should have collective ownership. In his work, “Housing and Hope,” which looks at more
modern humanitarian housing, Arjun Appadurai shares a similar sentiment, reflecting on
what he sees as the historical nature of humans. He states, “In the long story of the search
for secure habitation, and as societies juggled between hunting and gathering, animal
husbandry, farming, trade, conquest and other strategies for socio-economic organization,
housing was not generally a matter of law, private property or speculative
commoditization. Rather, housing was part of more informal processes in which human
communities allocated their collective spatial resources” (Appadurai).
In our current society shared ownership is uncommon, but there are communities
who benefit from the concept. Co-housing, for example, offers a collective of amenity
spaces one can imagine would be unobtainable as an individual; such as large community
kitchens. These concepts make having a smaller personal kitchen more palatable; to
know if on the occasion a larger space was needed, it could be used, per the agreements
of the co-housing. Although co-housing and other socialized structures are the product of
systems or social (or political) organizations and not defined by an architectural project,
spaces can be planned with some of these values in mind. Including permanent
supportive housing in the program of this thesis may, like shared ownership, sound
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subject to social or political system rather than an architectural one, however spaces can
and should be planned for the user, no matter the system.
Le Corbusier’s Unité D'Habitation de Marseille, for example, was not socialist or
public housing by any means but did blur the lines between public and private spaces
within a housing complex. Unité D'Habitation de Marseille was not the first project to do
this, of course, but was seen as a “test of the new mode of housing based on the balance
between the individual and the collective” (“Unité D'habitation”).
Shortly after the peak of modernism a movement emerged which combined the
concept of “plug-in” modules, such as in Unité D'habitation, with the popular paradigm
that the built world was, as Rossi iterated, alive. Metabolism was a post war
Japanese movement in architecture that combined and explored ideas about
architectural mega-structures with ideas of organic and biological growth. The
term metabolism, coined by architect Kiyonori Kikutake, was a biological analogy that
was perhaps referential to Le Corbusier’s concepts of the house as a “machine for living”
(Sveiven). The original Metabolist group included Japanese architects who believed that
the city was an ongoing process. Recognizing the unpredictable rapid expansion of
modern cities, Metabolists “envisioned no physical destination of the city's development,
but rather created patterns which can be followed consistently from present into the
distant future" (Lin).
At the same time as the Metabolists movement, the modernist group Archigram
was doing similar explorations of utopian mega structures composed of individual cells
and re-envisioning how a city grows and forms. Archigram similarly worked with themes
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of “plug-ins” and “pods,” but did so with technology and mechanics at the core of their
conceptual designs. Metabolists however stuck to biomorphic models of growth and
transformation as their inspiration and as their imagined process (Lin). Both metabolism
and Archigram lost popularity as postmodernism began to take over in the early 1970s
when architecture began to divert from the international styles of modernism. Although
metabolism and Archigram were experimental and broke away from the formalism of
modernism, they were not necessarily culturally specific solutions to city growth.
Postmodernism was followed by deconstructionism; a reactionary phase against
postmodernism in which architectural form was meant to express the conflicting logics of
its surroundings by resorting to heterogeneity and fragmentation (Picon). This moment
was critical in the eyes of Picon, from it raised not only new forms but also new interests
in form finding and process. Picon states, “In the long history of connections between
digital culture and architecture, the postmodern turning point with its formalist dimension
stands clearly as a key to present developments.” Picon explains that the precedence for
digital architecture came before computer-aided design, that instead the desire to break
away from forms based on “collision and discontinuity” was a direct response to
deconstructionism (Picon).
Architects had previously studied mechanism and organic form finding
techniques and concepts, but now another possibility arose; algorithmic form finding.
Seen in the early days of digital design, architect Greg Lynn advocated for
“curvilinearity, pliancy, gentle bending, and folding” (Picon). In the wake of “Folding in
Architecture,” his 1993 publication, new smooth volumes, reminiscent of organic life,
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began to take form. These forms were dubbed BLOBS, Binary Large Objects. The Blob
trend was telling of how even beyond postmodernism and folding episodes, digital
architecture inherited traits from experimental architecture, such as Archigram. Blobs
were part of a larger inquiry regarding the topological properties of surfaces and volumes
and form finding that could be modeled by the computer (Picon).
Digital architecture has often been characterized by an “experimental dimension
more pronounced than the mainstream production” (Picon). The definition of digital
architecture has commonly been confused with any work digitally done in the
architectural process. As the use of computer aided drawing software has become the
industry standard it is important to differentiate, for the purpose of this work, that digital
design refers to “experimental” computer aided algorithmic or artificial intelligence
design, not simply digital drawing tools. The goal of algorithms, according to Picon, is to
free architecture from unnecessary formalist conventions in order to reveal its real
foundation. “Otherness” refers to the possibility to understand and put into practice
processes known only to computers and foreign to the human. “Despite digital
architecture’s attempts to go beyond formalism and its focus on formation; it has not yet
gone so far beyond traditional architectural practices that it is able to be separated”
(Picon). Our dependence on commercial software strands us from the possibility of free
architecture form, but scripting could be a potential liberation from this. Algorithms and
form have not yet broken away from traditional architectural practice according to Picon,
but the question arises if that is a negative thing. How much ownership should AI and
Algorithms have over a project? Should not a project be humanized from start to finish
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even if computational tools are used? This leads to the question of authorship and
ownership.
Alicia Imperaile’s lecture, “Machine Consequences” on the use of machines in art
and architecture may also explain the beginning of digital design. As expressed by the
Xerografia projects, machines have become a tool for production in art and design that
reinvent not only our products, but our processes. When using a machine to produce, the
artist is removed as author in a sense, and instead becomes the machine operator. The
artist may set up and influence a machine to produce a certain way, but the process of
creation is taken on entirely by the machine. No more is an artist laboring to produce; but
the work shifts to the machine. What this suggests, however, is that art produced by
machines can be created by a wider variety of “operators;” not only masters of the art
craft. Art production becomes more accessible; although arguably less crafted. In the eyes
of Imparaile, art produced by machines becomes performative, less about what is
produced, but more about how. From art to architecture, these values transfer; Imperaile
see’s architecture as the most formalized art form (Imperaile). Similar to the processes of
art, architecture is not invisible to questions of interpretation, intention and technological
exhibitions.
Without losing sight of Imperail’s insights on weighing the balance between
designer and machine, process and results, we can return to the discussion of algorithmic
form finding. Picon states that “otherness” is rooted in the same property as emergence,
which is defined as “capacity of recognizable order to arise from an initial state of
apparent randomness” (Picon). This snapshot of order can be found in nature and in

23

computer calculations, and as we know, algorithmic architecture can mimic and emulate
natural processes. One clear example of this is Cellular Automaton. Cellular Automata
are “discrete modules of regular grids of cells each one in a finite number of states that
update based on the values of their neighbors,” which seems to mimic natural life (John
von Neumann's Cellular Automata). Cellular automaton allow for varied pattern
generation and for the exploration of repeating modules. These patterns can allow for
future growth or adaptation to a project, reminiscent of the ideals of metabolism. The
complexity and potential of using CA in design is vast, and said best by artists Andrew
Adamatzy and Genaro J. Martinez. “In design, every decision you make sets you off to
another course that you could never see, sometimes never imagined. Some decisions
spawn affects that are simple and are unrelated to the whole, some are highly integrated
and interwoven to other parts in a very complex fashion. Cellular automaton defines a
simple life and death process that has a number of elements that may lend itself to
explorations in architecture and art” (Adamatzky and Martinez)
Digital culture is about seeing events; one of the first computer applications was
made to see situations and simulations of nuclear strike (Picon). A form can be a tangible
moment providing a point of view within the ocean of possibilities. Once a moment or
form is selected the focus shifts of effect and effectiveness. Modernist architecture valued
sub parts where as digital architecture creates a “whole.” Today architecture no longer is
driven by purely artistic values, but now reaffirms its relation to urbanism, industrial
design, and culture (Picon). We care now about efficiency and context as well as
appearance and function.
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This work strives to create a housing complex using algorithmic design. Housing
is one of the areas in which efficiency is a primary drive that pushes towards
heterogeneous neighborhoods. In their investigation into the current housing crisis in the
US, “Affordable Housing in Shrinking Cities” Silverman, Robert Mark, et al explain the
benefits of mixed-use buildings and mixed-income housing. Market rate housing with
subsidies is becoming more common and is more effective than separate public housing.
They state, “housing policy has increasingly emphasized strategies that complement
neoliberal urban revitalization, such as the replacement of public housing with mixedincome and market-rate developments” (Silverman, Robert Mark, et al). Not only do they
iterate the importance of mixed-income housing, they include that the housing must be in
proximity to valuable community resources. Historically neighborhood revitalization has
not included affordable housing, which directly leads to an increased risk of
gentrification and of displacement of current residents.
In cities with shrinking or steady populations, the risk is even greater. “When
anchor-driven revitalization occurs without an affordable housing plan in place,
marginalized groups in the population become increasingly concentrated in peripheral,
unattractive neighborhoods of shrinking cities” (Silverman, Robert Mark, et al). Anchordriven revitalization refers to when the addition of a critical service that will draw a
larger population, like a hospital or an education center, is part of the city’ improvement
plan. From an equity standpoint, the inclusion of affordable housing near new or existing
resources is a “necessary precondition for the creation of neighborhoods of opportunity in
shrinking cities” (Silverman, Robert Mark, et al.). As a study of algorithms, housing and
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city growth, the role of the designer is critical. The designer is responsible for linking the
human centered design aspects, assessing the results, and assuring that the digital
snapshot of the data is an effective response.
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CHAPTER 2
PRECEDENTS
Modular Design and Housing

Figure 2: Dymaxion House (Merin)
Figure
Unite

3:

d'Habitation de Marseilles (Kroll)

Figure 4: Plug In City (Merin)
27

Figure 5: Habitat 67 (Merin)

Figure 6: Capsule Tower ("Nakagin Capsule Tower in Tokyo / Kisho Kurokawa")

Figure 7: Kafka Castle (Fiederer)
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This section takes an in depth look at modular housing, machines for living and
projects with a focus on growth. Modular construction is not to be confused with prefabricated construction. Although modular construction may have elements of offsite prefabrication, modular design is the organization of separate, standardized elements into a
greater system. These singular modules can be repeated and organized into different
configurations and patterns building up a larger form. Modular design provides the
potential for patterns to be developed, manipulated, and morphed based on the addition or
subtraction of individual modules. Depending on the make-up or construction of the
singular units or modules, they could be entirely or partly pre-fabricated, which is where
the definitions of modular and pre-fabrication often overlap. It is important to distinguish
the definitions for the purposes of this work.
Pre-fabricated architecture has a long history in the built world; and became
extremely popular in the United States in the early 1900s once the Sears Catalog began
selling houses in kits; a simple and affordable way for an American family to purchase
and build a home. It was not until post World War II, however, that modular design
began to receive such wide attention. A need for mass-produced, affordable homes was
prominent after WWII. This need caused Buckminster Fuller to return to his radical
1920s conception, a home that combined the efficiency of pre-fabrication with the
flexibility of a modular interior. Known as the Dymaxion House, the original concept
was a 100 square meter hexagonal home. The core of the home contained a permanent
pre-fabricated bathroom fit-in unit fixed around a structural pole that also concealed
utilities. The original design allowed for the interior wall organization to be decided by
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the user (Munday and Cramer). The module, in this instance scaled to an entire home,
was defined with a predetermined exterior, and a more customizable interior. The
Dymaxion House was not intended to physically interlock with duplicate units, but one
can imagine the pattern and exterior spatial relationships created when multiples of the
hexagonal pod (eventually rounded in later renditions) were placed together on a site.
The Dymaxion House was not only ahead of its time in terms of form and method of
construction, but also exemplified forward thinking in functionality. The Dymaxion
House was a clear expression of the modernist paradigm of the time, but took the concept
further than many trials of the time.
Entering modernism, many western architects began to strip away the ornate
decorations of previous architectural styles and put on exhibit the new construction
technologies of the time using clean lines, open plans, and simple geometry. Le Corbusier
coined the term, “a machine for living;” houses were to be thought of as tools to help the
inhabitants. For Le Corbusier, this meant open floor plans, simple geometries, access to
sunlight, and nothing frivolous. He designed the Villa Savoy with this in mind;
attempting to create a comfortable, functional machine to promote productivity.
Ironically enough, one of Le Corbusier’s most exemplary projects of this dogma was a
failure due to the misuse of new material technologies; Villa Savoy was notoriously cold
and leaky, and eventually abandoned by the inhabitants (McKay).
Machines for living, even if subtly, were always considered and developed with
an awareness of their social context and were therefore seen as a tool; as a part of a
singular part of a greater solution. Whether in response to a housing crisis or as an answer
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to a new modern way of living, machines for living have in common with modular
construction a focus on “approaching an overall design as an entire system, and that this
singular whole is then split down into constituent subsystems” (Munday, and Cramer). In
contrast to Villa Savoy, Dymaxion House, which was considerably less lavish, had a
more literal interpretation of “machine for living.” Fuller’s re-imagination of a house is
more paralleled with this particular concept.
As one of the first “module” solutions for housing, the Dymaxion House was a
more autonomous tool, or living machine, than that of Villa Savoy. The Dymaxion house
was designed to be heated and cooled by natural means and to create its own power using
a turbine extending from the core. It was sturdy, but easy to manufacture and to
distribute, low maintenance, and low cost. The potential of modular design to be easily
and inexpensively replicated without losing a sense of individual autonomy was
successfully displayed by Le Corubusier’s later work, the Unité D'habitation built in
Marseilles. Not only did this project investigate relationships between shared and private
space, Corbusier focused on a human scale module; one that could be repeated, and
“plugged in” to create 337 apartments (Kroll). There are many different layouts to these
apartments, but each has a connection to the greater building, amenities, and its activity.
This is another example of modular design not necessarily meaning pre-fabricated, but
one in which looks at repeating factors to improve efficiency while still providing
dynamic and human centered designs.
These concepts paralleled closely with the investigations by later architects and
designers such as Archigram and the Metabolists. The Nakagin Capsule Tower by Kisho
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Kurokawa is one of the original and most prominent examples of Metabolist architecture.
Metabolist architecture strived to create projects that had modular elements that, similar
to Le Corbusier, plugged into a greater system. Metabolists viewed this as a way of
creating projects that were “alive;” and could grow and adapt as needed. Nakagin
Capsule Tower Building is a mixed-use office and residential building created with
consistent modules. The building contains 140 small units; the modules allowed for
relatively inexpensive construction costs. The pods, or cells, of Nakagin Capsule Tower
were each individual elements attached to a super structure, unlike Unité D'habitation
which set up a module based pattern which could be broken as needed for alternative
spaces. Other projects like Kafka’s Castle by Ricardo Bofill and Habitat 67 by
experimented with using identical repeating modules flipped, rotated and connected to
form a mass structure. Modular design has been imagined at many scales; but for
residential design the most common unit module is a single living unit. Although
modules and units are not typically actively rearranged, there is a powerful possibility of
growth and adaptation in both modular design and in algorithmic design.
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Digital Design

Figure 8: Spatial City (Di Robilant).

Figure 9: The Generator (Hernández Vargas)

Figure 10: Eibe Philharmonic Hall (Stinson)
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Reflecting on the history of digital design and its use in architecture was an
important piece of the work of this thesis. Digital design is becoming more and more
accessible in both the academic and professional worlds of architecture. One could argue
that digital explorations came from the development of CAD software, artificial
intelligence, and advancing computer technology. However, it seems the interest in
algorithms and design far precedes the ability to computerize. Take for example the work
of Yona Friedman, which largely pre-dated the use of computers. Friedman believed that
architects were not meant to design for the individual; that their focus should be on a
much greater scale. He believed that “the best human environments are produced by
collective intelligence, more or less spontaneously” (Di Robilant). He agreed that
architects should firstly establish basic rules of the infrastructure, but that the design
should evolve from the inhabitants.
The scale of Spatial City, first conceptualized in 1959, was so massive that it has
been formally criticized as having the ability to entirely ignore the context of, and to
become a parasite to any other existing city (Di Robilant). The idea for this mega scale
“utopian” city was for it to be constructed on a three-dimensional grid where each cell
was a building block, which inhabitants could combine or rearrange as pleased to produce
different spatial configurations. Friedman used math, diagramming and manual
algorithms in space planning to cope with the scale and with the spatial possibilities,
making him known for “defining a design process of combining and configuring the
discrete entities is common in contemporary discussions of digital architecture”
(Khedkar).
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Many designers have shared the idea of individuals taking ownership of their
spaces and being part of the creation of their environment over time. In the 1970s, as
computer technology began to rapidly advance new experiments were able to take place.
Cedric Price’s “The Generator Project” set forth to combine individualism and
architecture. “The Generator Project” was one of the first experiments with artificial
intelligence and architecture, as it was designed to be able to create its own conditions
based on learned information from human input. Those interacting with the machine
would input their “desires” – not specific layouts, but “concepts so vague as the delight
and enjoyment of the project user” (Hernández Vargas). Even with the early cybernetics
available, the machine was able to translate the desires (which were selected from a list)
and combine them with a stash of data related to architecture and display feasible
scheme. Even more impressive, it was able to “generate new solutions to trigger their
reactions” (Pertigkiozoglou).
Over the years many design experiments using algorithms and artificial
intelligence have taken place. Many have resulted in incredible manmade structures that
could not have been performed without the aid of computers; at least not without a team
of mathematicians and endless time to spare. Digital programs allow designers to interact
with math, geometries, shapes and curves in a way previously unobtainable. “Computers
per se do not impose shapes, nor do they articulate aesthetic preference…One can use
computers to design boxes or folds, indifferently. Even if computers do not impose
shapes, they certainly make them easier to work with, and contribute to a broader range
of possibilities” (Picon). In addition to new form finding, with the use of both AI and
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from scripted algorithms, computers have aided designers and architects in the precision
of their designs. Many modern day elements of buildings, such as the sound “cells” of the
Elbe Philharmonic Hall by Jacques Herzog and Pierre de Meuron, constructed 2017, are
only possible with the aid of algorithms. These sound cells are acoustic panels which
each have a unique shape; 10,000 of them cover the interior of the building. An algorithm
that took into account the varied acoustical needs of each area of the concert all decided
the shapes and patterns of the cells. Using parameters specific to the hall, they were able
to develop the parametric algorithm that responded to aesthetic and acoustic
specifications. Yasuhisa Toyota, the acoustic designer on the project shared, “That’s the
power of parametric design…Once all of that is in place, I hit play and it creates a million
cells, all different and all based on these parameters. I have 100 percent control over
setting up the algorithm, and then I have no more control.” (Stinson).
This clear division of control can excite or scare designers; but knowing when to
delegate design decisions and when to intervene is critical when using algorithms or
artificial intelligence in design. The beauty of computers participating in design is that it
can create forms or spatial relationships not previously conceivable without, but a
computer is only responsible for what information it is fed. Designers and architects must
balance how much of a project to feed to a computation tool. It could be a large portion,
such as in The Generator Project – or simply to address a specific aspect, such as the
south cells of the Elbe Philharmonic Hall.
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CHAPTER 3
SITE
Urban Context
This project aims to work with an existing demographic and context in a new
way. Housing experiments of this scale are typically found in larger urban areas, but it is
important to study density and housing in areas which grow slowly and rarely adapting
major changes directly to downtowns where the community resources are most available.
This site was chosen for this project because it represents many American small scalecities that are not typically thought to exhibit the issues of a larger urban city, like sprawl
and homelessness. Northampton is located roughly in the center of the Pioneer Valley,
the region of Western Massachusetts that spans from Connecticut to Vermont along the
Connecticut River. The density of the Pioneer Valley dissipates along this corridor from
the metropolis area of Springfield at the south, to Bernardston the rural most northern
town. The Pioneer Valley has a rich agricultural history, and is known for having fertile
soils along the Connecticut River watershed. Northampton MA is situated on the western
side of the river, and its downtown is also boarded on the west by the Mill River. This
defines a distinct shift between the density of Main Street and the open farmlands and
rural neighborhoods.
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Figure 11: Context Map (Feiden, Wayne, et al)
The flood plain region’s topography is considered relatively flat, but away from
the river valley further west the elevation begins to rise. As the topography begins to
change, os does the soil composition. “Adjacent to that floodplain is the relatively flat
glacial outwash, proglacial lake lustrian clays, and glacial tills, which underlies much of
the historic residential, commercial, and industrial development in downtown…. Further
west, the elevation rises and the soil th ins out, and with steeper hills composed of
bedrock-dominated glacial till” (Feiden, Wayne, et al). In this hilly west and North-west
region of Northampton there are thick deciduous forests, many of which are protected by
conservation land. These regions are seen as bad for development, with shallow ledge,
unsuitable soils and steep topography. Northampton MA has designed 25% of its land as
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permanent green space, however wetlands and CT River Flood areas preserve more of the
undeveloped land. Although much of the land is protected, Northampton’s developed
footprint continues to grow. Over the last 100 years a clear pattern of development has
emerged, with the density of the city center beginning to sprawl west, and curving around
the harder to develop area.
Northampton has rising housing costs, a large population of unhoused people, and
a stagnant rate of population. People who move to Northampton have the option of
paying high costs to live down town, or to live on the outskirts, away from resources.
Even on the outskirts, costs are high. Instead of continuing a sprawl, moving outwards
towards more affordable housing, it is
logical to place mixed rate housing right in
the downtown, close to resources and
transportation. In 2020 on the site chosen,
which is known as the Roundhouse Lot, the
“Roundhouse Parking Lot Rehabilitation
Project” displaced the houseless population
who had made camp under the overpass
along the bike path. This project was
mainly a repaving of the parking lot, but
also included upgrades to site lighting and
landscaping. It is critical to keep in mind
Figure 12: Growth Pattern (Feiden,
Wayne, et al)

the people of Northampton, all of them,
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moving forward. Homelessness is a complex problem, with many varying factors causing
any particular family to be in crisis, but the one common factor is lack of housing. Mixed
rate housing that includes permanent supportive housing ensures quality for all; no matter
the unit size or the income level, and modular design allows for consistent qualities in
individualized units.
Demographics

Figure 13: Demographics
According to a 2019 Study 11% of Western MA’s houseless population takes
shelter in Hampshire County, second only to Springfield where 80% reside (McCafferty,
Geraldine, and Schwartz Pamela). In Western Massachusetts the majority demographic of
the homeless is multi-person families. 73% of homeless families in shelters are in
Springfield where the Western Massachusetts shelters are most highly concentrated. 55%
percent of people counted in the 2018 survey were children under 10 years old. This does
not apply to Northampton, however, where 90% of the houseless persons are individuals.
As of 2019, there were roughly 350 individuals in Hampshire County that experienced
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chronic homelessness, including those in emergency shelters. As of 2018, there were 211
homeless veterans living in Western MA, 89% (188) of them were living in Northampton
or Pittsfield due to access to Veteran’s services. After Pittsfield, Northampton had the
highest number of homeless veterans in Hampden, Franklin and Hampshire counties
according a 2015 study by the U.S. Department of Housing and Urban Development.
A single night count conducted as part of this study sound that on a single night,
the night of Jan. 29, 2015 there were 140 homeless veterans in Northampton. This is most
significant when compared to the zero homeless veterans found in Amherst, a
neighboring town of similar demographics and size, on the same night. By 2019 the
number of homeless vets rose to 171 in the Hampshire County; presumably most of
which were in Northampton (Newberry). Veterans, although they make up 31.5% of the
individual population, are of course not the only subsector that faces chronic
homelessness. Young adults, ages 18-24, make up 4.2% of the homeless in Hampshire
County; compared to greater Western Massachusetts, where the percentage is 6.5%. In
2019, there were 144 young adults (18-24) homeless in Western MA in 2018, of which
71% had children of their own. Twenty-three of these young adults resided in Hampshire
County, which was a 44% increase from the year before (McCafferty, Geraldine, and
Schwartz Pamela). “When the modern era of widespread homelessness began in the
1980’s, communities responded to the crisis by creating emergency shelters. But in some
cases, the emergency response has become the long-term response: in Western
Massachusetts there are currently families who have been living in family shelter units
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for more than 3 years” (Homelessness in Western Massachusetts: The Numbers, the
Solutions, the Partnerships).
Of the housed families in Northampton, 48% are non-related compared to the
52% that are married or couples. Of the 52%, only 23% of families have children. In
September of 2021 the median list price of homes in Northampton $443.9K. The median
sale price was $505k. This falls in line with the States average, of $439.5K. As of
October 2021 the average rental price for a 1 bedroom apartment in Northampton MA is
$1,874 a month, with the average apartment
size being 890 square feet. This would be 73%
of the median income per month for an
individual, which as of 2019 was just over
$30,500 annually (2021 - Yardi Systems Inc.).

Figure 14: Family Makeup

Roundhouse Lot
Roundhouse Lot is a parking lot located in downtown Northampton, directly
behind a city park which contains a steep, recently renovated, pedestrian connection from
the parking lot to Main Street. The parking lot is currently owned by the city of
Northampton, and is roughly 107,000 square feet of relatively flat, paved area. When
choosing a site, it was important to select a site that has the potential to support growth if
needed. The Roundhouse lot has an adjacent parking lot across Old Street, to the east that
could be developed as a future continuation of the building as proposed by this work. The
Manhan Bike Trail runs through the south of the selected site and if future expansion was
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necessary, provides an existing connection to the west under an overpass. To the south of
the site, the area is zoned residential, with a few single family homes on the other side of
the small, but dense, wooded area. One notable thing about this site is the steep hill at the
back of Pulaski Park which provides the site privacy in an otherwise downtown setting
and still allows for direct access to the resources of downtown.
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Figure 15: Downtown Northampton Map (Feiden, Wayne, et al)

Figure 16: Site Section for Context

44

Figure 17: Area of Work and Potential Growth

Local Zoning and Ordinances
Table 1: Selected Zoning and Proposed Conformity
Northampton MA Zoning Regulations for Residential Use in
Proposed Building
Commercial Business
Height

Min. = 30 feet
Max. = 70 feet

Conform

Density Limits

Unit size: must have at least one 120 sf room.
Bedrooms min. 70 ft. No max unit size in CB.

Conform

Open Space

N/A

N/A

Off-Street
Parking

One per unit or $2k per space not provided.

Conform

Set Backs

Front = Max. 5 ft
Side = 0
Rear = 0

Will not conform along
all site boundaries

Landscaping

A 30ft wide buffer strip shall be planted along
the boundary with any residentially zoned lot.
Buffer may be reduced to 20ft if the planning Conform
Board approves a sight impervious wall or
fence.

The Roundhouse lot is zoned Commercial Business and subject to by laws such as
height restrictions, setbacks and parking regulations. After a review of the relevant
categories, it is clear that it is possible to conform to the majority of the restrictions, but
some of the categories such as setbacks are more applicable only to commercial
properties. As this project uses an algorithmic generation for space finding, items like
setbacks may or may not be in conformity. Typically zoning laws prevent residential
construction in downtown areas, but mixed used buildings and multi-unit residential
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buildings are critical for avoiding sprawl. Cities should seek to densify their cores, to
allow for people of all income brackets to be close to community resources.
In addition to the zoning regulations, the commercial business sector is subject to
the Northampton MA Code of Ordinances; Part II: General Legislation Chapter 156
Central Business and West Street Architecture. This bylaw sets aesthetic regulations for
maintaining the character of downtown. Downtown Northampton is characterized largely
by Victorian 2-5 story masonry buildings with glazed storefronts, decorative cornices and
rhythmically patterned upper floor windows. Along the curve of Main Street there are
also several historic and landmark buildings which are usually free-standing with
landscaped property setbacks. Typically they have ornate features and distinctive, more
visible roofs. New buildings are to adhere to the historic “theme” and to follow the
architectural language of the existing neighborhood as described in the regulations.
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CHAPTER 4
DESIGN CONSIDERATIONS
Modularity / Efficiency
As this thesis is based around the use of a pattern finding algorithm, a basis for
the pattern had to first be established. The module of 12ft x12ftx12ft unit boxes was
chosen as it is a common modular construction size, since it can easily fit on the bed of a
truck for transport. Additionally, 12x12 was found to be an appropriate size in which two
could be combined to make a kitchen and bathroom “core.” Choosing a square module
allowed for flexibility for a variety of assemblies. As this project is a study of density
12x12, although not luxurious, also provided an acceptable sized bedroom and living
room. Smaller units may not be ideal for every individual or family, but with shared
amenities like a community kitchen, bike storage, and shared home office space, the
activities typical of a home can begin to spread into the larger whole of the building.
One thing particularly fascinating about plug in cities is a paradigm shared with
modular construction, the understanding of parts-to-whole creations. A module must be
planned to fit in literally and conceptually into a greater collection. This means by nature
it either must be able to be placed in any part of the over-overall collective (or pattern)
and still function, or that the overall collective must be designed around the restrictions of
the unit and its positioning. This may be easy to visualize on a small-scale project where
modules all the same, each with one wall planned for windows. This dictates that the
pattern can only be so large – as to not bury the exterior wall of the module. Another way
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to deal with this is to accept the modules as being buried, and then to break the pattern
manually by changing the state of a cell, or block, to uncover the needed exterior walls.

Figure 18: Housing Blocks, 12x12 Rooms

Program
The nature of cellular automata is that it will produce a seemingly random pattern.
The number of dead cells and live cells, which would represent architectural spaces, is
unpredictable. Due to this, the overall building programming could not be planned by
exact square footages for each use, but instead has to be divided into ratios. The ratios
were based off of a mock-up program of 16 apartment units and their amenities and
support spaces. The mock-up resulted in a 30,816 square foot program, and with 10%
added for circulation, this came to 33,898 square feet. It was unclear what the size of the
form would be that was output from the algorithm, but the mock-up allowed analysis of
the percentages needed per type of space in the building. Roughly 75% of the building
would be housing, and 25% would be left for amenities, circulation, support spaces, and
mechanical.
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The ratio of apartment types was based directly off of the demographics of
Northampton, MA. It is clear that the majority of the demographic is made up of
unrelated person households or of couples without children. The demand for smaller
apartments for single people or couples is most prominent, which weighed the quantities
of housing types. For the permanent supportive housing, there seemed no reason to break
out the type from a typical studio apartment as listed. As the population of those who
need PSH and those who can afford a market rate studio fluctuates, the studios and
permanent supportive housing units could be interchanged. Each type of apartment
includes a plumbing core, made up of two blocks, a living room, and as many bedrooms
as indicated, except for the studio, which would have a combined living and bedroom
block. Each unit would additionally include a dedicated to open space which could take
the form of a balcony if the generation allowed.

Figure 19: Layout Studies
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Table 2: Housing Program
Quantity Blocks Needed per each Sq ft Each

Total Sq Ft

Housing
Studio / PSH

3

4

1152

3456

1 Bedroom

6

5

1440

8640

2 Bedroom

4

6

1728

6912

3 Bedroom

3

7

2016

6048

Total

16

25056

Table 3: Amenities Program
Quantity

Blocks Needed per each

Total Sq Ft

Community Amenities
Laundry room

1

2

576

Bike Storage / Workshop

1

2

576

Community Kitchen / Pantry

1

4

1152

Community Room / Library

1

3

864

Tennant Office Space

1

4

1152

PSH Services

1

5

1440

Total

5760
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CHAPTER 5
METHOD

Figure 20: Process Diagram

Input
The preparation for the work of this thesis involved gathering data specific to the
site and context. It also involved studying cellular automata generations and how the
parameters set at the start of each algorithm affected the outcome. First implemented was
a manual process to test the underlying logic, then the approach was translated it into a
Rhino/Grasshopper script. This was done by setting up a base grid and applying types of
spaces to the cells as if they were randomly generated. This was a manual experiment
mimicking a computational algorithm based on rules set for each type of block. The rules
set for the blocks were based on their spatial type, how much exterior access (for light or
egress) a block need, and their relationship to their neighboring blocks. Each type of
space within the program needed to be understood individually before the algorithm
could be set up. This allowed for an understanding of how the forms might take shape,
and what types of relationships between the spaces might emerge. It brought to light that
51

vertical circulation would be most logically included as part of the intervention process,
and not included specifically in the types of spaces defined in the starting state. It was
also clear by this point that a study of floor plans would help assess if some of the shapes
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being created by the blocks would be plausible to turn into not only usable space, but
enjoyable space.

Figure 21: Manual 2D Neighborhood Study
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The next step in studying the spatial
relationships was turning the two dimensional
“floor plan” studies into a three dimensional
mass. For this stage, it was also critical to
understand what would happen if the base grid
Figure 22: Manual 3D Study

went from a perfect square to an irregular
shaped grid, as would be the base pattern grid

allowed by the uniquely shaped site. To represent the pattern three dimensionally, blocks
were painted and assembled according to the rules and spaces of the previous analogue
test. Using blocks made it clear that it would be important to pay close attention to how
much light each block could receive as blocks begin to get buried and voids between the
blocks began to emerge. It was expected that the randomization would be manipulated in
the digital algorithm and that the starting states would need to be based on a very specific
goal, but what was learned from the manual explorations was that the type of spaces that
the algorithm needed to understand was narrow. The digital algorithm would need to be
based on simpler types of spaces. For example, it did not necessarily need to understand
the difference between a block meant for a community kitchen or a block meant for a
living room. This differentiation was useful before, in the manual representation of the
algorithm, as it helped to understand the ratios of what types of spaces would need
exterior walls, what types of spaces would need to be connected, etc. From the analogue
algorithm experiments, in the end what was uncovered was what aspects needed to be
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assigned as part of the starting state cellular automaton, or what could be manually
assigned after the generations.
Site Boundary and Grid
The next step in the process was to begin to define the relationship between the
programmatic space, cellular automata, and the site. There are site-specific conditions
and CA parameters that can both influence the patterns created. Firstly, a grid size to
confine the pattern generation, which could theoretically be infinite, must be defined. For
this project, the module of twelve feet by twelve feet for the base grid was chosen as a
direct representation of the planned spatial module. The next input parameter for the
algorithm was to identify the grid boundary, which doubles as the site boundary. For the
Roundhouse Lot site this referred to the parcel boundary but with two critical
modifications; one being that the historic Round House Building was not to be included
in the area of CA generation and secondly that the boundary was within zoning set-backs
required by the city. Translated into Grasshopper, this was a simple script which
identified the points associated with the set grid as, “inside” or “outside” the drawn
boundary, and excluded those outside.
Neighbor Conditions
In order to assure some level of control over the density of the generations and the
final forms generated by the algorithm, the starting state neighborhood condition of
cellular automata needed to be included in the script of the algorithm. Neighbor
conditions are set per each generation based on the rules of John Conway’s Game of Life,
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as previously described, but the grasshopper script was written specifically to allow for
an increase or decrease in the amount of “alive” or “dead” neighbors a cell could have.
As being able to manipulate the density of a generation was important, the grasshopper
script was written in a way that would allow the user to control how many cells started
out alive in the first. In addition to changing the neighbor rules, the script also allows for
the percentage of “alive” cells to be set at the start. A higher “alive” state at the start
meant fewer cells overall, as due to the over-population rule, the majority would begin to
die by the fifth level generation. Setting a certain percentage of cells alive at the start
directly impacted the resulting iteration, as the state of each cell is directly linked to the
state of its neighbor.
Circulation
This project, intended to be a multi-unit housing building, also required core
circulation towers be adequately spaced on the site to meet egress requirements. In order
to have usable spaces cluster around these manually placed circulation cores, the
probability of a cell surviving when it was a neighbor to a core was increased in the
starting state conditions. The circulation towers, which were planned to consist of an
elevator and an egress stair, were made up of four blocks on each level, and of course
stacked on each level. These towers were never placed further than 225ft way from each
other, as to ensure that each apartment would have access to the egress routes as set forth
by code. Horizontal circulation was not as automatic however, and the intervention phase
included ensuring that apartments had two means of egress.
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Solar Conditions
A basic solar study of the site reveals that, as is typical for the climate, the south
gets the most sun exposure annually and the north gets the least. Typically this climate
calls for vertical shading in the east and west, which get the most solar radiation in the
morning and afternoon. Horizontal shades are typically recommended for south facing
facades to protect from the higher positioned sun in the afternoon. Due to the
unconventional forms presumed would be generated from CA, it became apparent that an
in-depth way to analyze the solar conditions would be critical. As this project is intended
for housing, an overall building form study would not have allowed a user to understand
if solar radiation was adequately distributed throughout the mass, providing enough
opportunities for light so that each apartment unit could have access. As day lighting
would become an important criteria for comparing iterations of generations, a range of
radiation would need to be studied – from none, to sub-par, to adequate to excessive.
This range was developed by running solar radiation analysis studies on smaller
mock-up forms and reading the radiation measurements on each “cell” of the forms. Cells
which were buried within the form fell under “no solar radiation,” and had a value of 0 126 Kwh/m2. Cells that received no light at all meant that they had no exterior face, and
therefore by code could not be used as a bedroom. For this project, per the rules set up for
each module space, no exterior face meant they could not be used as a living room either.
Cells that were heavily shaded by the mock-ups own form, but still contained an exterior
face, showed a range of 127 - 505 Kwh/m2, and were categorized as sub-optimal
radiation. Next cells that received 506 - 1134 Kwh/m2, and typically were south facing
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or had two exterior faces were categorized as optimal radiation. Any cell over 1135
Kwh/m2 was seen as having “excessive” radiation. Excessive radiation is not inherently
bad, especially in this north east climate, it just means that shading intervention is most
likely needed to prevent overheating or glare within a space.

Figure 23: Solar Studies

Pedestrian Path
Architectural projects that take place on existing, or even new sites, are more
likely than not to come across obstacles that need to be factored into the project or
removed such as trees, existing foundations, or streams, for example. Another common
influence or obstacle on the site is the existing human interaction with the site. The site
selected for this thesis has a transitional relationship with its users: it is mainly used to
park, to walk through, or to bike through. In order to ensure that the existing pedestrian
connection to Pulaski Park and the sites access to Old Street were maintained, a
“pedestrian path” rule was set in place. This rule was scripted in grasshopper to be simple
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in nature, directly removing cells that would otherwise be part of the pattern. This
component of the script turned any “live” cell to a “dead” cell if the path line crossed
over it. To compare the results, two path locations, “A” and “B” were used – both
connecting the park to the south east corner of the site, but with “A” being a more direct
path, and “B” one which contained more turns.

Cellular Automata
Now that the starting states and boundaries of CA were scripted into grasshopper,
they could be connected to the CA generator. Scripting CA into grasshopper was first
done to represent John Conway’s game of Life with a series of points which would turn
on or off on a two dimensional grid. This concept remained, but now the starting states
were controllable and directly related to the project conditions. The generation still ran
two dimensionally, however as the zoning of the site allowed for a 5 story building, the
algorithm was scripted to run 5 generations, each one entirely dependent on the level that
came before it. In order to visualize not only the results of the entire form but the
interactions between levels, the grasshopper points which were generated from the CA
had components assigned to them within grasshopper that would turn them into a box of
6 sides, if alive. Changing the starting states, the position of the road, radically changed
the outcome of the CA generation, and being able to visualize these reactions helped
make informative decisions about what to input for the housing form generations.
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Figure 24: Digital Algorithm Study, CA
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Output and Analysis
Iteration #1

Figure 25: Iteration 1
Iteration number one began with the starting states as follows: Road location “A,”
Core circulation towers manually placed in position “A” (maintaining egress
requirements), 70% alive cells at the start of the generation, and with the modification the
Game of Life rules that any live cell with two or four live neighbors would survive (as
opposed to two or three). This generation provided 42 housing units, but as this project is
additionally a study of density, it was clear that number was much lower than the
capacity of the sight; noted from the 40,608sf of open site remaining. Interestingly, this
iteration created clusters of cells, or modules, most likely due to the probability of them
remaining alive near circulation towers, which were spread across the site. This iteration
had a large percentage of modules that received excessive or optimal light, but also many
cells which received no, or unacceptable, radiation. Looking closely at the generation,
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many cells were adjacent to light wells, or voids reaching all the way to the top of the
form, that were simply inadequate in size to receive useful light. One thing to notice in
this generation is that the cells seemed to have a higher rate of being “alive” as the
generation built from the ground floor up.
Iteration #2

Figure 26: Iteration 2

Iteration number two began with the starting states as follows: Road location “A,”
Core circulation towers manually placed in position “B” (maintaining egress
requirements), 75% alive cells at the start of the generation, and with the modification the
Game of Life rules that any live cell with two or four live neighbors would survive (as
opposed to two or three). This iteration, providing 91 apartment units, was much more
dense than the previous iteration. However, the “bar” like formations of the 12x12
modules created deep channels that received no solar radiation. These bars would have
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been difficult to provide circulation for without filling in the channels, and eliminating
the little light available on the interior of the form.
Iteration #3

Figure 27: Iteration #3
Iteration number three began with the starting states as follows: Road location
“B,” Core circulation towers manually placed in position “C” (maintaining egress
requirements), 65% alive cells at the start of the generation, and with no modifications
the Game of Life rules. The alive cells percentage at the start of the generation was
significantly reduced in order to contrast the density of the previous generation. This did
in fact produce less units, 82 could be applied, but this generation additionally produced a
much higher level of island cells – cells that had no directly attached neighbors in the
end. Besides island cells being not ideal for circulation, connection, and difficult to plan
space into, it is also very inefficient in terms of surface area to floor area. Inspiringly, as
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the density decreased, and the cells became less clustered, the solar radiation access
improved.
Iteration #4

Figure 28: Iteration 4
Iteration number four began with the starting states as follows: Road location “B,”
Core circulation towers manually placed in position “D” (maintaining egress
requirements), 70% alive cells at the start of the generation, and with no modifications
the Game of Life rules. In order to further experiment with the circulation core and
pedestrian path relationships, the cores in this iteration were shifted more dramatically
than previously. Due to one of the core’s adjacency to the pedestrian path, cells which
should have had a higher probability of staying alive, died. This iteration could only have
64 units, and notably many of the cells stopped their growth before the 5th level.

64

Selected Iteration and Design Interventions
One could manipulate the starting states almost infinitely, getting pattern after
pattern, for after form until they received the perfect output. However, how does one
know when the perfect output has been generated? It was critical to review each iteration
with the same set of criteria in order to compare, to adjust starting states and regenerate in
hopes of a different outcome, and to understand when to intervene as a designer. It
became clear that a significant problem in all of the iterations was the surface area to
floor ratio and therefore that comparison, although important to review, became a less
critical deciding factor of which iteration would move forward. What was more critical
was examining how the form would ultimately change once it was modified with
programmatic, circulation, and other architectural requirements.
The iteration that had the greatest potential was iteration number one. This
iteration produced the lowest amount of blocks, which at first was considered a negative,
as part of the goal is to produce a dense, efficient building. However, looking closely at
the pattern that was generated, it was clear that the “dead” cells in this iteration where
more commonly surrounded by three or four “live” cells. This was a direct contrast to
iteration two, which was certainly more dense but had long rectilinear patterns of live and
dead cells, with 2 similar direct neighbors and 2 direct opposite neighbors appearing to be
the most common outcome.
Iteration one seemed to grow in density in each iteration upwards, allowing more
cells to become or stay alive as it generated, opposite of iteration four. This was a
promising realization that the majority of the dead cells, or voids, happened on the
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ground or lower floors. This is because, as was proven by the solar studies, single voids
that extend all the way to the ground floor offer little light or radiation to the ground
floors. Filling in bottom floor light wells, or second and third, could improve the surface
area and the efficiency of the form without sacrificing useful light access. This was the
first design intervention. Voids were filled in that offered no solar benefits. Voids were
also filled in if they were the sole connection to another group of cells as to improve
circulation. Live cells, or solids, were removed only if they were completely isolated,
which in iteration one was rare. There were two locations where this happened, circled in
the figure below. These locations produced almost a vertical checkerboard, and so were
simply sliced out or filled in.

Figure 29: Selected Iteration and Intervention
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CHAPTER 6
CONCLUSION
Results
After manual selective cell state changes, the final form resulted in a 124,560
square foot building with the capacity for 53 apartment based on the 75% housing/ 25%
amenities ratio. Overall 109 cell states were changed from dead to alive, meaning 109
voids were manually filled in across the 5 stories to create more usable space. The
majority of the voids were impractical isolated voids or light wells which offered no solar
benefits to the neighboring blocks and most of which were on the bottom 1-3 floors.
Additional blocks were shifted or eliminated, and in the end the form contained 545
blocks that had each been vetted as a usable space. Solar access was a critical criterion
for measuring the quality of light a space would receive, so after the intervention another
solar analysis was run to compare.
The results showed that 26% of blocks received no light; they were internal
blocks with no exterior walls. At this stage, however, internal walls are not defined so a
block that is considered buried may neighbor a block that does have exterior walls and

internal

Figure 30: Intervention Solar Analysis and Schemtic Site
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negotiation can be made in future stages. There are spaces in the program that do not
require generous day lighting, such as bathrooms and corridors. These spaces would be
appropriate for receiving suboptimal radiation, of which 14% of the form received. 16%
of the building received optimal radiation, and 44% received excessive radiation. Annual
excess radiation annually may simply mean shading solutions may be required. Most of
the spaces that received an excess radiation rating were on the top floor, or spaces with
open tops and would be prime areas for green roofs, private or community roof gardens,
and balconies.
In order to truly understand if cellular automata could generate the basis for a
successful housing complex, the next step was to apply the program and take into
consideration the potential for each space. Although the approach to applying the
program had shifted through-out the project from having the different programmatic
spaces be part of the starting state to applying them after the algorithm had run, the rules
for the spatial types was still applicable. Bedrooms still needed to have exterior walls for
light, air, and for emergency egress. Living rooms still required at least one exterior wall
as well. The original goal was to provide a private garden or terrace for each apartment
unit, which due to the nature of the neighborhood rules became possible. Each unit has
either the potential for an enclosed or semi enclosed porch or sunroom, as the ratio of
mass to space is evenly dissipated throughout the building due to the nature of cellular
automata and its resulting neighborhood conditions. There are also many interspersed
balconies and decks, which could be shared or private depending on their size and
location.
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As the circulation towers were manually placed and the algorithm was directed to
have a higher potential of creating boxes, or spaces, around the towers, apartments
adjacent to the tower would have direct egress routes. On the lower level, apartments
have direct access to the exterior, so an enclosed corridor was not needed. On the upper
floors, apartments needed to be connected by either a direct walk-up staircase or to a
corridor leading to a circulation tower. This is where the majority of the voids needed to
turn to solids, to maintain connections between spaces on the same floors. Because this is
an apartment building and not a space which each individual needs direct access to all
parts of the building, the horizontal circulation was based on egress and on connection
between community spaces.
Similarly to the other iterations, even after the interventions, the ratio of wall area
to floor area, and indicator of efficiency was less than ideal or low cost housing. By the
same cellular automaton nature that provided light access, balconies and dynamic
relationships between interior and exterior in this project, the exterior wall surface area is
radically higher than would be typically expected of a market rate-housing complex.
Especially that of one that contained efficiency or permanent supportive housing
apartments. This could be addressed directly by eliminating more voids but it is important
to weigh the uniqueness and individuality of each housing unit and its access to the
exterior. This project is an ideal candidate for modular construction; a baseline grid is set
and rarely is it broken, and never is it broken at an exterior wall. Modular design can
create stamped replica units, but it also can be broken down into parts such as CLT wall
panels or floor panels which can come in standardized sizes and be assembled on a grid,
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but in an unexpected pattern. This type of modular design makes for easy growth in a
project, the grid remains as a baseline for the pattern and the algorithm can be set to grow
onto the existing design, much like the original generations were set to grow around the
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circulation towers.

Figure 31: Building Section
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Figure 32: Ground and Third Floor Schematic Plans

Discussion
While the literal application of form finding directly from cellular automaton may
introduce challenges, the adaptive nature, contextual reliance and growth potential can all
be applied to our built environment. Analysis and troubleshooting of “weak” portions of
digitized neighborhoods and buildings by humans can strengthen designs, or can allow
one to reassess the initial input parameters to manipulate the self-organization of CA into
more desirable results. This process of algorithmic form finding allows unique forms to
be generated, but human assessment, interaction, and design are what can ultimately lead
to successful spaces. Due to this, this algorithm should be considered a space planning
tool rather than one that provides formalized architecture. The algorithm is useful for
finding uncommon forms, for manipulating patterns that lead to higher and lower density
areas, and for giving a basis for critical assessment. The algorithm allows for quick form
generations, which allows a user to experiment with changing the input parameters in
both big and small ways to create multiple iterations of forms. These quick iterations can
be compared, manipulated, and analyzed and so that a designer can select the most
applicable form for a project. The analysis and comparison aspect of this algorithm gives
designers a tool to predict project conditions such as surface area and solar radiation
before committing to schematic form.
One of the most prevalent draw backs of using CA as a basis for algorithmic
design is that by definition, the CA patterns create “dead cells” and “live cells,” once
translated to 3 dimensions and thought about in terms of mass, “solids” and “voids.”
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Voids are good, (to a certain extent) for light, for circulation, and for ventilation, but they
also break up the solid forms and significantly raise the surface area of a form. To
balance the envelope ratio and the overall efficiency of the building, one can strategically
“fill in” these voids. This is an area where one iteration may have a higher efficiency, or
envelope to floor area ratio than another, but the efficiency must be recalculated after the
designer’s intervention. The intervention must take into account the benefits of filling in
certain voids, but also the drawbacks – is useful light being blocked? The final analysis of
a form must include a balanced consideration of the collected data from the CA generated
iterations and then a further study of the manipulations applied to reach design goals.
The future of digital design will requires a constant communication and
negotiation with machines. We as architects are responsible for maintaining the human
aspect of a project and of a design from start to finish. In the beginning, this process is
similar to that of the traditional architectural process. To start, one must gather as much
information about the site, context, demographics and other relevant influences. In
algorithmic design, the process then shifts to translating the data into a language, rules,
which a computer can understand. Close attention needs to be paid to the human aspect
during this translation; how can qualities like access to light become written into the
script? The process of algorithmic design does not lessen the role of the architect, but
shifts the responsibility of schematic form finding to the determined script. This gives the
designer the opportunity to generate more forms for the purpose of comparison, in
aspects like sustainability, accessibility, and whatever project specific criteria are
relevant. Once we no longer concern ourselves with “how” something will be created or
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designed, the purpose and the intention of architecture becomes much more critical. The
justification of space, context and human experience becomes the forefront.
Algorithmic design can be accessible to those who are not traditional design and
planning professionals. Once set up based on specific rules, scripts can be run and a nontypical operator can generate solutions, as Alicia Impraile may refer to them. The digital
age has allowed many crafts and skills to overlap and intertwine, and architecture is no
exception. Algorithmic comparison tools and form finding tools can expand the
profession but also invites those outside of the profession to benefit from the resulting
information. Making the field of architecture more accessible by making design decisions
clear and by being able to show their results along the way is a clear benefit of digital
architecture. Additionally, being able to have an understanding of how small moves in
architecture can lead to vastly different results, and then being able to compare those
results will benefit projects and their inhabitants.
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